Cohesin cleavage is insufficient for centriole disengagement in Drosophila
Raquel A. Oliveira 1,2,* and Kim Nasmyth 2 Centriole disengagement is thought to act as a licensing mechanism restricting centrosome duplication to once per cell cycle [1] and to depend on cleavage of the cohesin complex by separase [1] [2] [3] . Whether this is a conserved mechanism in eukaryotic cells remains to be determined. We show that artificial cohesin cleavage in Drosophila embryos fails to cause detectable centriole disengagement. In contrast, inhibition of Cyclindependent kinase (Cdk1) triggers rapid disengagement in metaphasearrested embryos. Our results raise the possibility that in these early embryonic divisions centriole engagement depends on Cdk1 activity, not cohesin.
Mother and daughter centrioles are kept tightly together and in an orthogonal arrangement (engaged) from the time of their duplication until the subsequent mitosis, and their disengagement occurs during later stages of mitosis. The molecular mechanisms behind centriole engagement during S-phase and their disengagement during mitotic exit are far from being understood. But it has been proposed that during mitotic exit, centriole disengagement is mediated by separase [1, 2] , a thiol protease known to promote disjunction of sister chromatids at anaphase onset [4] .
Until recently, the only known target of separase was the cohesin complex, a ring-shaped multisubunit protein complex (composed of Smc1, Smc3, Rad21/Scc1 and Scc3/SA) known to entrap sister DNA molecules inside its ring and thereby promote sister chromatid cohesion until anaphase onset [4] . Separasemediated cleavage of cohesin's kleisin subunit (Scc1/Rad21 in mitotic cells) leads to opening of the cohesin ring and subsequent sister chromatid disjunction. The fact that separase has been implicated in the process of centriole disengagement [1, 2] led to the speculation that the cohesin complex could be the molecular 'glue' that holds mother/daughter centrioles together from the time of their duplication until mitotic exit, in a way similar to how these complexes hold sister DNA molecules together. Indeed, many reports have suggested that cohesin interacts with some centrosomal proteins, that cohesin and other cohesion proteins localize to the centrosome, and that cohesin depletion leads to centrosomal defects ( [5] and references therein). Nevertheless, attempts to clearly define the role of cohesin in this process have led to conflicting results. While initial studies report that expression of a non-cleavable cohesin complex (NC-Rad21) in HeLa cells does not prevent disengagement, suggesting that this process depends on a yet undefined separase target other than Rad21 [2] , recent studies using purified centrioles from mammalian cells suggest that centriole engagement is dependent on cohesin's integrity [3] .
We have recently been able to artificially reproduce a bona fide mitotic exit from metaphase-arrested embryos [6] . In this experimental setup, separation of sister chromatids is achieved using a system to inactivate cohesin complexes by an exogenous protease (Tobacco Etch Virus, TEV) [6, 7] . Proper mitotic exit, in turn, is driven by artificial downregulation of Cdk using high doses of the cyclindependent kinase inhibitor p27. Cohesin cleavage and inhibition of Cdk are both necessary and sufficient to reproduce a bona fide anaphase and mitotic exit with normal kinetics of chromatid separation, proper relocation of the Chromosome Passenger Complex to the spindle mid-zone, normal inactivation of the Spindle Assembly Checkpoint and timely chromosome decondensation and nuclear envelope reformation [6] .
To evaluate whether this artificially induced mitotic exit is also accompanied by proper centriole disengagement, we have repeated the same experiments in embryos previously injected with mRNA coding for a fluorescent centriole marker (Sas4-EGFP). In most somatic cell types, disengaged centrioles are known to remain tightly joined by cohesion fibres during interphase, preventing centriole separation.
However, this tight cohesion is usually not present in the rapid embryonic divisions in many species, including Drosophila syncytial division, making it an ideal system to easily visualize (dis)engaged centrioles. EGFP-Sas4 allowed us to distinguish two (disengaged) centrioles during the last states of mitosis ( Figure S1 in Supplemental Information, published with this article online), which immediately further separate during S-phase (note that in these syncytial cycles centrosome duplication and separation occur simultaneously).
To block normal mitotic exit we made use of a catalytically dead form of the E2 ubiquitin ligase Ubch10 (UbcH10 C114S ), which stably arrests Drosophila embryos in metaphase [6] . Under such arrest, the centrosome cycle is blocked and metaphase bipolar spindles contain two centrosomes with engaged mother/ daughter centrioles each ( Figure 1A , left panels and data not shown). Due to the close proximity of engaged mother/daughter centrioles, only one Sas4-GFP focus could be detected per centrosome.
We have then artificially induced anaphase and mitotic exit in UbcH10 C114S -arrested embryos carrying TEV-sensitive cohesin complexes by co-injection of TEV protease (to destroy cohesins) and p27 (to inactivate Cdk1), and evaluated the effects on the distance between mother/daughter centrioles. Distances were determined by the maximal width of the signal originated from a centriole pair (i.e., the diameter of a single Sas4-GFP focus or the maximal distance between two adjacent foci). We observed that within a few minutes of TEV+p27 injection, centrioles disengage, as judged by the increase in the width of Sas4 signal, ultimately leading to two distinct dots (Figure 1) .
The fact that centriole disengagement can be observed in our artificial mitotic exit suggests that this process is either dependent on cohesin cleavage, on Cdk downregulation or both. To distinguish between these three possibilities we performed microinjection experiments where cohesin cleavage was induced in the absence of Cdk inhibition (TEV protease injection) and where Cdk inhibition was promoted without accompanying cohesin cleavage (p27 injection).
Consistent with our previous report, TEV-mediated cleavage of cohesin in metaphase-arrested embryos triggers sister chromatid separation within a few minutes [6] . Upon cleavage of cohesin, however, no change in centriole structure could be observed (Figure 1 ) and the Sas4-GFP signal remained as a single focus without detectable change in the width of the signal ( Figure 1B,C) . The simplest explanation for this finding is that cohesin has little or no role in maintaining centriole engagement. We cannot, however, fully exclude the possibility that additional forces preclude the detection of changes induced by cohesin cleavage or that centriolar cohesin is inaccessible to TEV protease. Whereas cohesin cleavage alone did not produce any detectable effects on engaged centrioles, Cdk inhibition, in contrast, was sufficient to induce centriole disengagement even in the absence of proper chromosome disjunction. Upon p27 injection, centriole disengagement was observed with a similar kinetics to the disengagement observed in the TEV+p27 experiments (Figure 1) .
Our previous experiments revealed that Cdk inactivation in metaphase-arrested embryos was not accompanied by prompt separase activation, as sister chromatids did not move apart during induced mitotic exit [6] . Our results therefore also raise the possibility that separase is not universally involved in centriole disengagement. In agreement, previous studies in Drosophila failed to detect any centrosome duplication defects in separase mutant embryos [8] .
While Cdk inhibition was sufficient to trigger centriole disengagement, no further separation of sister centrioles could be observed. This finding suggests that even in Drosophila embryos, where centriole disengagement is immediately followed by centrosome separation, these are mechanistically different processes: centriole disengagement appears to depend on a drop in Cyclin-B-Cdk activity whereas centrosome separation is likely to depend on a subsequent rise of cyclin B levels and/or DNA replication.
In summary, in contrast to the recent observation in mammalian cells, our experiments support the idea that centriole engagement does not depend on the integrity of the cohesin complex, at least in Drosophila embryos. In agreement, recent studies propose that cleavage of a novel centrosomal substrate for separase -pericentrin/ kendrin -is required for centriole disengagement [9] . Importantly, our experiments further demonstrate that centriole disengagement during mitotic exit, as many other aspects of this key transition, can be negatively regulated by Cdk activity. This supports a role for Cdk1 in preventing premature centriole disengagement in Drosophila early embryos. Further experiments will be required to investigate whether this results from a direct Cdk-dependent phosphorylation of centrosome components or rather an indirect consequence of changing pericentriolar organization or microtubule forces, as recently suggested [10] . It is exciting to be living at a time when the big questions in biology can be investigated using modern genetics and computing [1] . Bauzà-Ribot et al. [2] take on one of the fundamental drivers of biodiversity, the effect of continental drift in the formation of the world's biota [3, 4] , employing next-generation sequencing of whole mitochondrial genomes and modern Bayesian relaxed molecular clock analysis. Bauzà-Ribot et al. [2] conclude that vicariance via plate tectonics best explains the genetic divergence between subterranean metacrangonyctid amphipods currently found on islands separated by the Atlantic Ocean. This finding is a big deal in biogeography, and science generally [3] , as many other presumed biotic tectonic divergences have been explained as probably due to more recent transoceanic dispersal events [4] . However, molecular clocks can be problematic [5, 6] and we have identified three issues with the analyses of Bauzà-Ribot et al. [2] that cast serious doubt on their results and conclusions. When we reanalyzed their mitochondrial data and attempted to account for problems with calibration [5, 6] , modeling rates across branches [5, 7] and substitution saturation [5] , we inferred a much younger date for their key node. This implies either a later trans-Atlantic dispersal of these crustaceans, or more likely a series of later invasions of freshwaters from a common marine ancestor, but either way probably not ancient tectonic plate movements.
Supplemental Information
Bauzà-Ribot et al. [2] use up-todate molecular dating methods, with calibrations from two paleogeographic events derived from presumed vicariant splits (in the Moroccan HighAtlas 37.2-25.0 mya (million years ago) and the Mediterranean 16-5.5 mya). Because rates of molecular evolution can vary greatly between lineages
